Abstract: This study evaluated the effect of different additives such as nanocarbon compounds (0.5, 1.0, and 2.0 wt.%) with different morphologies and gelatin (Gel) (10 wt.%) on the mechanical properties of hydroxyapatite (Hap)-based nanocomposites (NCs). The NCs were prepared using the innovation process "SmartBox" based on the Internet of things (IoT), which provides process control and reproducibility, and they were characterized by X-ray diffraction, particle size distribution, transmission electron microscopy, Fourier transform infrared spectroscopy, and thermal analysis.
Introduction
Hydroxyapatite (Hap) has chemical and crystallographic similarities to the natural inorganic components found in the bone matrix and teeth, offering good biological features such as biocompatibility, bioactivity, and osteoconductivity. 1, 2 In addition to its high surface area, nano-Hap provides important host tissue interactions influencing osteoblasts adhesion and proliferation to improve tissue regeneration. However, one primary limitation is its poor mechanical properties, such as low fracture toughness and strength, and poor wear resistance.
3−6
To address this problem, specific reinforcing materials (carbon nanotubes, polyethylene, Al 2 O 3 , TiO 2 , ZrO 2 , etc.) are typically used to prepare Hap composites with enhanced mechanical properties; however, these materials exhibit bioactivity significantly lower than that of pure Hap. The reinforcing phases are either bioinert or considerably less bioactive, providing weak composite ability to form a stable interface with bone compared to pure Hap. Consequently, the ideal reinforcement material should significantly enhance the mechanical integrity with a low content of second phase. 10 Due to their excellent biocompatibility and mechanical properties, nanocarbon-based materials including zero-dimensional (0D) fullerene (Ful), one-dimensional (1D) carbon nanotubes (CNTs), two-dimensional (2D) layers of graphene, graphene oxide (GO), and reduced graphene oxide (rGO) are promising candidates for the reinforcement of biomaterial matrices.
11 −13 Their properties are governed by their size, morphology, and structure. Therefore, the controlled synthesis of nanocarbons is the key to handling and tailoring their characteristics and widens their applications. Among these reinforcements, CNTs, especially multiwalled carbon nanotubes (MWCNTs), with their excellent stiffness and strength, have great potential to be used as a reinforcing agent for Hap without offsetting its bioactivity. The reinforcement of ceramics or polymer matrices with CNTs considerably enhances the structural properties such as fracture toughness, strength, elastic modulus, and wear resistance without affecting the properties of the reinforced material. 4−6 However, their biological safety with regard to toxicity issues, when considering the clinical applications of CNTs as biomaterials, is still controversial.
3,7
The combination of organic and inorganic components allows materials with excellent biocompatibility and osteoconductivity to be obtained; in bone tissue, calcium phosphates are successfully combined with collagen fibrils. Natural polymers such as gelatin (Gel), chitosan, alginate, collagen, and starch-based materials are commonly used to produce high-quality Hap for biomedical applications.
14,15 Composite materials like
Hap/collagen are of special interest in bone defect repair. 16 Gel, a product of partial collagen hydrolysis, exhibits attractive properties such as stability, less antigenicity than collagen, plasticity, adhesiveness, low cost, full resorbability in vivo, biocompatibility, and biodegradability, and its physicochemical properties can be suitably modulated. 17 However, the effects of Gel on Hap crystal morphology, mechanical strength, and biocompatibility are still not understood.
14
The Internet of things (IoT) focuses on the interconnection and effective networking of machines and computing devices through the infrastructure of the Internet. 18 From a chemistry perspective, IoT improves the monitoring and control of a method's parameters, and relegates time-consuming data analysis and collection tasks to machines, leading to increased productivity, control, reproducibility, safety, and flexibility.
19
For applications as potential bone replacement material, to mimic the real bone tissues it is important to develop composites with excellent mechanical and biological properties. Furthermore, the morphology control of nanocarbon-based nanocomposites (NCs) is critical to the application range because their physical and chemical properties are highly shape-dependent. Therefore, the aim of the present study was to examine the physicochemical and mechanical properties of Hap-based NCs using Gel and nanocarbon compounds with different morphologies (GO, functionalized multiwalled carbon nanotubes (fMWCNTs), and Ful) and amounts (0.5, 1.0, and 2.0 wt.%) to reinforce nano-Hap powders to overcome its poor mechanical strength in order to attain NCs with improved mechanical and biological performance.
Results and discussion

Laser diffraction particle size
The particle size analysis revealed an average particle size of 15 nm and no difference between the pure Hap and Hap-based NCs.
Morphology of Hap-based NCs
The morphology of Hap-based NCs was investigated by TEM ( Figure 1 In all NCs, the nanocarbon additives showed good dispersion. The particles exhibited spherical shape morphology with an average size of about 10-20 nm. Furthermore, the particles in NCs containing Gel were rounder than those in NCs without Gel, suggesting a strong influence of Gel on particle morphology ( Figures   1a and 1b) . 
XRD measurements
The XRD patterns of Hap and Hap-based NCs (Figure 2 ) exhibited only the characteristic diffraction lines of pure Hap (JCPDS file No. 09-0432). No significant differences were observed between the XRD patterns, suggesting a well-crystallized Hap (60%-68% crystallinity degree) deposited on the surface of the nanocarbon additives (CNT, Ful, and GO) and no obvious influence of Gel on the crystallization of Hap. 21 The average crystallite size (24-30 nm), estimated using the Debye-Scherrer equation, is presented in Table 1 . The characteristic peak of CNTs (2 θ = 26.38°) made no contribution to the specific peak of Hap (2 θ = 25.84°), indicating that peaks corresponding to the addition of CNTs did not appear. Similar to other studies, the XRD spectra of Hap and Hap-based NCs indicated no new phase or impurity. 
FT-IR analysis
The FT-IR spectra of Hap-based NCs containing 2 wt.% nanocarbon additives (fMWCNTs, Ful, and GO) are presented in Figure 3 . group (1036, 962, and 604 cm −1 ) , and adsorbed water (1600-1700 and 3200-3600 cm −1 ) .
22
The FT-IR spectrum of Hap_Gel exhibited the bands assigned to C =O, C =C, and C-H stretching, bending, and scissoring vibrations of Gel ( Figure 3b ). 23 Similar to Hap_Gel, the bands at 1400-1750 cm
indicated the presence of Gel (C =O, C =C, and C-H stretching, bending, and scissoring vibrations).
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Beside the characteristic bands of pure Hap, the FT-IR spectra of Hap_fMWCNT_2.0 exhibited twin bands at 1028 and 1053 cm −1 attributed to the aliphatic P-O-C stretching ( Figure 3c ). 25 A similar FT-IR spectrum was observed for Hap_Gel_fMWCNT_2.0 ( Figure 3d ). For Hap_GO_2.0, the band at 1385 cm −1 was attributed to C =C bonds, indicating the presence of GO and the twin bands at 2341 and 2361 cm −1 were also the characteristic bands for aliphatic carbons ( Figure   3g ). 26 Thus, the FT-IR spectra showed the presence of additives (CNT, Ful, and GO) in NCs and no significant changes in their characteristic bands.
Thermal analysis
The TG/DTA analysis of Hap-based NCs containing 2 wt.% nanocarbon additives (CNT, Ful, and GO) is presented in Figure 4 . The quantity of additive (nanocarbon compound) was measured and compared to the theoretical value (2.0 wt.%).
For pure Hap, weight loss in the range of 30-110°C, attributed to physically and weak chemically bound water (moisture), is associated on the TG curve with a weight loss of 4% ( Figure 4a ). All dissociation products disappear as gas between 170 and 210°C and a small percentage of water is released from the pores until 500°C
(small exothermic peak at 340°C). The thermal decomposition of calcium phosphates takes place between 550 and 800°C, while between 700 and 1000°C the last adsorbed water is released, indicating the decomposition of Hap to CaO and Ca 3 (PO 4 ) 2 .
27
For Hap_Gel, the exothermic effect at 235-430°C with the maximum at 335°C is attributed to the decomposition of Gel. 28 A total weight loss of 15.86% was observed ( Figure 4b) ; from 10 wt.% Gel only approximately 6 wt.% was detected, the other part probably being lost during the washing process.
Similar to pure Hap, for Hap_fMWCNT, a similar weight loss (3.5%) was observed in the range of 30-110°C ( Figure 4c ). The sharp exothermic peak at 525°C was attributed to fMWCNT decomposition. Similar results were obtained in our previous work. 22, 29 Mahajan et al. reported that, in air, MWCNTs are thermally stable up to 420°C (no phase change or oxidation reaction), when they start to degrade due to the combustion of the remaining amorphous carbon. The TEM studies confirmed that the walls of MWCNTs start to degrade, forming bundles, at 500°C. 30 According to Boom et al., the oxidation of MWCNTs occurred at 630°C. 31 The experimental weight percentage of CNT (2.0%) was in total accordance with the theoretical value.
Similar behavior to Hap_Gel and Hap_fMWCNT was observed for Hap_fMWCNT_Gel, accompanied by a 2.0 weight loss corresponding to CNT in total agreement with the theoretical value ( Figure 4d ). The two exothermic peaks at 328 and 533°C correspond to the decomposition of Gel and CNT.
For Hap_Ful, the sharp exothermic peak at 550°C is assigned to the decomposition of Ful (Figure 4e ).
32
A total weight percentage of 2.0 wt.% Ful was detected, in total accordance with the theoretical value.
For Hap_Gel_Ful_2.0, the peaks at 335 and 556°C were attributed to the decomposition of Gel (similar to Hap_Gel) and the decomposition of Ful (similar to Hap_Ful), respectively (Figure 4f) . A total weight percentage of 2.0 wt.% Ful was measured, in total agreement with the theoretical value.
The Hap_GO seems to be less sensitive to water adsorption from air compared to pure Hap or the water is more strongly bonded and it is released only at 110-500°C (Figure 4g ). The sharp exothermic peak at 344°C was attributed to GO decomposition, while the exothermic peak at 640°C was designated to combustion of the decomposition product of GO.
33 A total amount of 1.9 wt.% GO was detected, slightly lower than the theoretical value, probably due to the overlap with other peaks.
Compression test
A test method was developed for the determination of the compressive properties of Hap-based NCs.
Compression curve
The pure Hap was uniaxially pressed in a cylindrical die with a diameter of 6 mm. The optimum compression pressure was determined using the experimental compression curve ( Figure 5 ): the test samples were produced using 0.200 g of material compressed at 300, 400, 500, 750, 1000, and 1500 MPa. Subsequently, the samples were weighed and measured to determine their density (the theoretical density of Hap is 3.16 kg/dm 3 ) . 
Determination of uniaxial compression parameters
The stratification, overall strength, and consistency of samples prepared at different pressures were investigated by light microscopy. Starting at 750 MPa, the samples exhibited low visible stratification and high compressive strength and consistency. However, the samples pressed at 750 MPa did not provide a sufficient degree of consistency in the testing results; therefore, the compression pressure used was set at 1000 MPa. At the edges, a crown form about 100 µm high was observed. To eliminate this crown, a pre-pressure of 4-8 N was used, taking into account that this parameter is an important factor for the direction coefficient of the compression test curve (Figure 6 ).
The feed rate was determined empirically; a high feed rate gives inaccurate results concerning the brittleness of samples due to the low shock resistance. The best results were provided for the following feed rates (mm/min): 1 (initial), 0.5 (middle), and 0.2 (final).
During the compression tests of pure Hap the material broke into smaller pieces that spread around the test block (Figure 7a) , while in the case of NCs containing CNTs (Figure 7b ) the splinters remained closer to the samples. The Hap_Ful NCs were also riven into small scattered pieces (Figure 7c) , like in the case of pure Hap. The NCs containing GO (Figure 7d ) exhibit similar behavior to NCs containing CNTs.
Compression tests
The results of the compression tests are shown in Figure 8 . A compressive strength of 106 MPa was observed for pure Hap. This value is comparable with the compressive strength of cortical bone (100-230 MPa) and cancellous bone (2-12 MPa). 35 The addition of Gel considerably improved the mechanical properties, the compressive strength increasing 25.5% compared to pure Hap. A possible explanation is the 3D network structure of Gel.
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In contrast, the addition of fMWCNTs had a negative effect on the mechanical properties: the compressive strength of Hap_fMWCNT_0.5 and Hap_fMWCNT_2.0 NCs decreased 14.2% and 34.0% compared to pure Hap; Hap_fMWCNT_1.0 was an exception ( +3.7%). A possible explanation is the smaller crystallite size (25.0 nm, see Table 1 ), which results in a better stacking of the nanoparticles during the uniaxial compressing and a higher density and strength. The mixed addition (fMWCNT and Gel) had a positive effect on the mechanical properties of Hap_Gel_fMWCNT_1.0 and Hap_Gel_fMWCNT_2.0 NCs ( +17.0% and +36.8% compared to pure Hap).
The negative values (-13.2%) of Hap_Gel_fMWCNT_0.5 can be explained by the larger crystallite size (27.0 nm), which yields a lower compression strength.
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The addition of Ful to Hap had a negative effect on the mechanical properties of the samples: -0.1%, -26.9%, and -27.4% compared to pure Hap. A possible explanation is that the smaller, buckyball-shaped Ful particles form points of stress concentration in the sample material, resulting in a sudden and explosive break at breaking force.
The mixed addition (Ful and Gel) had a positive effect on the mechanical properties of NCs, with Gel acting as an adhesive material between particles. 17 The increase in Ful content resulted in higher compressive strength: +24.5% (Hap_Gel_Ful_0.5), +23.6% (Hap_Gel_Ful_1.0), and +33.0% (Hap_Gel_Ful_2.0) compared to pure Hap. The results obtained indicate that the positive effect of Gel dominates the negative effect of Ful particles, leading to increasing compressive strength.
The addition of GO had a significant positive effect on the mechanical properties/compressive strength, as follows: +33.0% (Hap_Gel_Ful_0.5), +19.8% (Hap_Gel_Ful_1.0), and +43.4% (Hap_Gel_Ful_2.0); some possible explanations could be the strength of covalent bonds between carbon atoms, the great tensile strength, and the high surface area to volume ratio of GO. 38 This suggests that GO nanosheets are capable of absorbing high amounts of strain energy, stopping crack propagation, and functioning as a "slipping mat" between the stacked Hap nanoparticles, resulting in a higher compressive strength. Similar results were obtained for GOHap composites obtained by biomimetic in situ mineralization, which exhibited optimal mechanical properties (tensile strength and Young's modulus) and biocompatibility to mimic natural bone in both structure and function.
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It can be concluded that the addition of Gel improves the compressive strength of Hap-based NCs, better than the addition of fMWCNTs or Ful. The highest compression strength was achieved for GO. The different effect of GO and fMWCNTs on compressive strength is due to their different structures. Similar to graphene, GO has a two-dimensional crystal structure formed by a planar monolayer of carbon atoms arranged in a hexagonal lattice. The GO plans reduce the stresses caused by compression, resulting in a toughening mechanism of GObased materials such as crack bridging, pull-out, crack deflection, and crack tip shielding. 39 Furthermore, in the case of the uniaxial compression test of a cylindrical sample, the applied axial stress results in a circumferential stress component acting as transverse tensile stress on the sample's wall. This circumferential stress component seems to be reduced in GO plans, while fMWCNTs seem to be less effective in reducing stress and crack propagation. 
Conclusions
In order to improve the mechanical properties of Hap-based materials, different additives (Gel and nanocarbon compounds with different morphologies and high specific surface) and content (10 wt.% Gel related to the Hap quantity and 0.5, 1.0, and 2.0 wt.% nanocarbon compounds) were considered. The NCs were prepared using an in-house innovation, "SmartBox", based on IoT, resulting in high reproducibility and precise and easy control of the reaction parameters. Their physicochemical and mechanical properties (compression strength) were investigated. XRD and FT-IR indicated the presence of additives in the Hap-based samples. The addition of Gel considerably improved the mechanical properties of Hap-based NCs, due to the adhesive, high elastic, and plastic deformation characteristics of Gel compared to the breakable Hap nanoparticles. GO also had a positive effect on the compressive strength, GO sheets acting as slipping mats between the layers of Hap nanoparticles, absorbing high amounts of energy and stopping crack propagation. The mixed addition of fMWCNTs and Ful decreased, while the mixed addition of CNTs/Ful and Gel increased the compressive strength of NCs. It can be concluded that the morphology of nanocarbon additives has an obvious influence on the mechanical properties of Hap-based NCs. On the other hand, the smaller crystallite size and the possibility to create a network among the particles (like in the case of Gel addition) have positive effects on the compressive strength of Hap-based NCs.
Experimental
Materials
The fMWCNTs (characteristics: > 95% purity, average external diameter of <8 nm, length of 30 µm, surface area of 500-700 m 2 /g, and 3.86 wt.% carboxylate groups), GO (characteristics: > 99% purity, 1-2 layers, thickness of 0.55-3.74 nm, diameter of 0.5-3 µm, and specific surface area of 500-1000 m 2 /g), and Ful (characteristics:
> 99.5% purity and diameter of 0.7-1.1 nm) were purchased from TimesNano, Chengdu Organic Chemicals
Co. Ltd., China. The bovine Gel type B (Mw = 20,000-25,000) and all other reagents were of analytical grade (Merck, Germany) and used as received without further purification.
Synthesis of hydroxyapatite
Hap was prepared by precipitation using Ca(NO The pH was adjusted to 11 by adding 25% ammonia solution under constant stirring at room temperature. The suspension was matured for 22 h, filtered, and washed and the resulting precipitate was dried at 110°C.
Synthesis of Hap-based NCs
The Hap-based NCs (Table 2) were prepared by precipitation in a similar way to the synthesis of pure Hap. The appropriate quantities of additives were added to a 0.5 mol L −1 Ca(NO 3 ) 2 solution; the pH was adjusted to 11
by adding a 25% ammonia solution, under constant stirring, at room temperature. After the pH adjustment, a (NH 4 ) 2 HPO 4 0.3 mol L −1 solution was added dropwise, with a feed rate of 25 mL/min, using a peristaltic pump, under magnetic stirring, at room temperature, for 22 h. The resulting precipitate was filtered, washed with distilled water, and dried at 110°C.
The best amount of nanocarbon in composite materials can be defined as the amount that causes an increase in some of the useful materials' properties to the highest level. 42 Moreover, the difference between macromolecules or nanomaterials used as additives should be considered, nanomaterials exhibiting their effect on final properties even in lower amounts, due their high specific surface area. 43 The use of high amounts of additives (e.g., > 10%) with large specific surface area, such as nanocarbon compounds (theoretical surface area of graphene ∼ 2600 m 2 /g, CNT ∼ 1000 m 2 /g), 29, 44 leads to difficulties in the preparation (large volume and low quantity of additives) and makes no sense since the use of small quantities of nanocarbon compounds (0.5, 1.0, and 2.0 wt.%. GO, fMWCNT, and Ful) has the same effect on the physicochemical and mechanical properties of final NCs. 
The Internet of things
The NCs were prepared using an in-house "IoT-Smartbox" equipped with temperature sensor, heating element, pH-meter, and peristaltic pump and connected to the Internet to give anytime/anywhere monitoring and control of the process parameters (pH and temperature) and, in terms of safety, it automatically switches off if the critical temperature is reached or sends an alert message through SMS and email (in a "safe zone"). The process parameters (pH and temperature) were chosen due to their influence on the obtained material properties such as phase composition and particle size. Furthermore, "IoT-Smartbox" offers good reproducibility and the possibility to track the history of the process (Figure 9 ).
Characterization
The particle size distribution of NCs was measured in suspensions using a micro-and nanoparticle analyzer SALD-7101 (Shimadzu, Japan). The morphology of NCs was observed by a H7650 transmission electron microscope (TEM) (Hitachi, Japan). XRD analysis was performed at room temperature, using a D8 ADVANCE diffractometer (Bruker, Germany), operating at 40 kV and 40 mA with CuK α radiation ( λ = 1.54060 Å). The average crystallite size was calculated using the Scherrer Eq. (1).
where D is crystallite size, β is the broadening of full width at half the maximum intensity (FWHM), θ is the Bragg angle, and λ is the X-ray wavelength.
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The FT-IR spectra were recorded using a Bruker Vektor 22 (USA) FT-IR spectrometer. The thermogravimetry (TG) and differential thermal analysis (DTA) measurements were carried out with a TA Instrument SDT Q600 (USA), in an air atmosphere flow rate of 25 mL/min at a heating rate of 10°C/min, in the temperature range from 30 to 1000°C, using alumina crucibles. The compression tests were performed using a Z005 universal testing machine (Zwick-Roell, Germany).
